As part of an effort to understand the water quality dynamics in the Kouris Dam and the impact of possible management strategies, the present study assessed the transport process of atrazine in this reservoir and the effects of bottom and surface withdrawal schemes. The 2-D laterally averaged CE-QUAL-W2 model was used in this study. It was found that, during the period of upstream river discharge, significant vertical variations of atrazine concentrations could be observed in the epilimnion. The maximum concentrations were found at the depth of 5-8m rather than in the surface in this period. This suggests that the widely used assumption of complete mixing in the epilimnion is not valid for this period in this reservoir. It was also found that the dynamics of atrazine in the Kouris Dam were noticeably affected by the withdrawal schemes. Bottom withdrawal would significantly facilitate the transport of pesticides in this reservoir and therefore result in noticeably higher pesticide concentrations in deep layers. However, surface withdrawal is not able to lower atrazine concentrations in the epilimnion in this reservoir possibly due to the decreased mixing depth corresponding to the surface withdrawal, although more atrazine would be removed from the reservoir by the surface withdrawal. These results suggest that it is sensible to integrate withdrawal schemes into reservoir management system to achieve different water quality objectives under various scenarios.
INTRODUCTION
In the last few decades, pesticide contamination in surface and ground water systems has emerged as one of the major threats to water supply and aquatic life in many countries and regions (Bays, 1970 Konstantinou et al., 2006) . In a large waterbody, such as a lake or a reservoir, this problem could be further complicated by the transport process of pesticides within the system. For deep reservoirs, the transport process of pesticides is usually affected by withdrawal locations and other factors (Kennedy, 1999) . Understanding the major factors affecting the temporal and spatial variations of pesticide concentration in deep reservoirs, especially in response to the discharge of pesticides in the upstream rivers, is essential for water quality management. Some researchers simulated the transport of pesticides in shallow water bodies. For example, Mossman and Mulki (1996) simulated the transport process of four different pesticides in Coralville reservoir with a 1-D unsteady model and found that the reconstruction of boundary concentrations plays an important role in the accuracy of simulations (Mossman and Mulki, 1996) . Benoist et al. (1998) developed the model BEKWAAM to predict heat balance, water quality and transport of pesticides in the reservoir. However, for deep reservoirs, the knowledge on the transport process of pesticides is still very limited and the impact of withdrawal schemes on the dynamics of pesticides has been rarely reported Atrazine, (ATZ), 2-chloro-4-(ethylamine)-6-(isopropylamine)-s-triazine, is an s-triazine-ring herbicide that is used to stop pre and post emergence broadleaf and grassy weeds in major crops. It belongs to the group of substances (76 in total) that have been phased out in the EU under the Directive 91/414/EEC. However, a permit for limited extension of use on certain crops until the end of December 2007 has been allowed. Pesticides with essential uses have not been given EU-wide approval. Atrazine is also included in the list of the priority substances of the European Commission. In addition, environmental quality standards for atrazine have been proposed recently in respect to its concentrations in inland surface waters in the Proposal for a Directive on environmental quality standards in the field of water policy. Atrazine is one of the most frequently detected herbicides in surface and well water and contamination incidents have been reported all over the world. This is due to the fact that the triazine ring which is present in the molecular structure of the atrazine is strongly refractory. Therefore, atrazine was selected to be examined as a potential contaminant in Kouris Dam and in order to model the impact of bottom water withdrawal on the dynamics on its concentrations.
The purpose of this paper is to investigate the dynamic responses of atrazine concentrations in the Kouris Dam to the discharge of the upstream rivers and to assess the impact of the bottom withdrawals on the transport process. It is expected that the results of this study would advance the understanding of the transport process of pesticides and the impact of withdrawal schemes on the dynamics of atrazine in deep reservoirs.
Study site
Kouris Dam (34º 43´ N, 32º 55´ E) impounds the deepest reservoir in Cyprus, the third largest island in the Mediterranean Sea (Figure 1 ). The maximum depth of this reservoir is 110m and the corresponding capacity is 115 million m 3 . The catchment of the reservoir, a typical mountainous area with steep valleys, encompasses an area of 308 km 2 with elevations from 150m at the dam to 1850m near Mountain Olympus.
There is a meteorological station (312-3746, Kouris Dam) set up for this reservoir near the dam. Because Cyprus has a typical Mediterranean climate with mild winters and hot, long and dry summers, about 80% of its annual precipitation falls from November to March. The inflow of the reservoir comes mainly from three tributaries: Kouris, Kryos, and Limnatis rivers. Since 1998, additional water of about 12.87×106 m 3 per year (1998-2005, averaged) was transferred from another reservoir (Arminou) outside the catchment area via a 14.5 km long tunnel to this reservoir. The released water mainly serves three different purposes: irrigation, domestic water supply and downstream river recharge. The averaged monthly water inflow (including water transferred from Arminou dam since 1998) and outflow (withdrawal and evaporation, excluding leakages and seepages) are shown in Figure 2 .
Kouris Dam plays an important role in the water supply of Cyprus because of the vagaries of the weather, which may result in a chronic water shortage in the island. It has been in function since 1989 and some hydrological, meteorological and water quality data have been archived. However, the dynamics of pesticides in the reservoir in response to the surface runoff of pesticides from entering upstream rivers are still unknown. In addition, currently water release (withdrawal) is through the near-bottom structure, and the impact of such withdrawals on the stratification, and therefore the transport of pesticides, in this dam has not been reported.
THE NUMERICAL MODEL AND SIMULATION CONDITIONS
The 2-D laterally averaged CE-QUAL-W2 model, which has been widely applied to stratified surface water systems such as lakes, reservoirs, and estuaries, was used in this study. It is a two-dimensional water quality and hydrodynamic FORTRAN code supported by the USACE Waterways Experiments Station and currently maintained by Portland State University. Water levels, horizontal and vertical velocities, temperature, and more than 20 other water quality parameters can be computed. The details of model structure, governing equations, numerical algorithms and validations were thoroughly discussed in the documentation of this model (Cole and Wells, 2005) . To simulate the general patterns of the transport process of pesticides in this reservoir and the effects of different withdrawal schemes corresponding to the averaged conditions, 6-hourly meteorological data of temperature, wind, humidity and evaporation of station 312-3746 (Kouris Dam) and monthly hydrological data of the inflow, outflow, water level change, leakage and seepage were used in the simulations. The data from 1990 to 2005 were used to obtain the averaged meteorological conditions. The averaged hydrological data were derived from the data of the period from 1994 to 2005. The initial surface elevation of the reservoir was assumed at 240m in all simulations. The monthly inflow and withdrawal are illustrated in Figure 2 .
Because significant seasonal variations of stratification patterns in Kouris Dam were found in the study (Figure 3) , [17] pesticides transport with spring-summer atrazine discharge (from Julian day 120 to 180) and autumn atrazine discharge (from Julian day 273 to 333) from upstream rivers were simulated separately. The concentration of atrazine in the inflow rivers was assumed as 20 µg l -1
. It was found that during the period of upstream atrazine discharge, the maximum concentration in the epilimnion was observed in the layer with a depth around 5-8 meters. The differences of atrazine concentrations in epilimnion layer were remarkable as shown in Figure  5 . For example, in Julian day 126.5, the maximum concentration in the water column at 1350 m downstream of the inflow river is 1.52 µg l -1 , which was found at the depth of 5.5m; while at the surface, the concentration was only about 0.6 µg l -1 . This suggests that the widely used assumption of complete mixing in the epilimnion is valid only for the period when the upstream discharge is not significant. When the discharge stops, the differences of concentrations in epilimnion would be negligible as shown in Figure 6 . Note that these vertical variations of atrazine concentrations become less significant in far downstream of the reservoir. Figure 6 also indicates that atrazine concentrations in hypolimnion are significantly lower than that in epilimnion and sharp gradient can be found in the metalimnion. This suggests that the bottom withdrawal is unable to cause mixing of atrazine in the whole water column in Kouris Dam under the simulation conditions due to the stratifications as shown in Figure 3 . This implies that the stratification may buffer the impacts of pollution accidents on the released water. For the autumn atrazine discharge, it was found that the transport process in the reservoir is noticeably different from that of spring-summer discharge. Figure 8 shows the concentration profile in the reservoir in Julian day 279.5 (6 days after the initial discharge). Compared to spring-summer discharge ( Figure 5 ), for autumn discharge a noticeable deeper mixing was observed. For example, for autumn discharge, after 6 days of the initial discharge of the upstream rivers, the responses were observed at the depth of 27m ( Figure 8) ; while for spring-summer discharge, this depth was only 20m ( Figure 5 ). This is very likely caused the deeper epilimnion in autumn as shown in Figure 4 . In addition, in autumn, the water temperature in river drops faster than that in the reservoir. This may also facilitate the transport of atrazine in the vertical direction. The downstream transport process of atrazine in surface layer with autumn atrazine discharge is shown in Figure 9 . It was found that the responses to the upstream river discharge can be observed after about 7 days of the initial discharge. This suggests for autumn discharge the downstream transport is noticeably slower than that for spring-summer discharge. This is very likely related to the facilitated vertical transport in autumn in the reservoir corresponding to the deepened epilimnetic layer in this season.
The impact of the withdrawal locations
Currently, water is released via the near-bottom structure in Kouris Dam. To investigate the role of this bottom withdrawal on the dynamics of the pesticides in this reservoir, simulations were further conducted by assuming the withdrawal was taken place near the surface. Other simulation conditions were kept identical.
It was found that in the epilimnion, the withdrawal schemes did not have significant impacts on the overall transport process of the atrazine in this reservoir. However, during the period when atrazine is discharged from the upstream rivers, noticeable higher atrazine concentrations were observed for the case with surface withdrawal than the case with bottom withdrawal as shown in Figure 10 . For example, at the depth of 2m, on Julian day 164, atrazine concentration at segment 31 (near the dam) corresponding to surface withdrawal is about 0.77 µg l -1 , which is about 5.3% higher than that corresponding to the bottom withdrawal. This suggests that although for surface withdrawal, the amount of atrazine removed from the reservoir is significantly larger than that for bottom withdrawal during the upstream discharge periods because of the higher atrazine concentrations in epilimnion than that in hypolimnion, surface withdrawal is not able to reduce the atrazine concentration in epilimnetic layer noticeably. This is mainly caused by the decreased thickness of the mixing layer corresponding to the surface withdrawal. When the epilimnion is thinner, the concentration of atrazine in this layer tends to increase. This also suggests that compared with the increased amount of withdrawals of atrazine, the effects of thermal stratification on atrazine concentration in the mixing layer is more pronounced.
However, in deeper layers, it was found that the bottom withdrawal may result in significant higher atrazine concentrations than the surface withdrawal for both spring-summer and autumn discharges. For example, as shown in Figure 10 , for the spring-summer discharge, on Julian day 178, bottom withdrawal results in about 53% higher atrazine concentrations at depth of 20m than surface withdrawal; while on Julian day 215, this value increases to 135%. This implies that bottom withdrawal would significantly facilitate the downward transport of pesticides. So, In case of possible atrazine pollution accidents in the upstream of this reservoir, epilimnetic withdrawal should be used immediately if the main objective is to reduce the accumulation of atrazine in the reservoir system; however, if the main objective is to minimize the effects of atrazine on downstream water supplies, near-bottom hypolimnetic withdrawal may be considered so that there are some time to implement some restoration techniques in the reservoir. Figure 11 . Comparison of atrazine concentrations with bottom and surface withdrawal at different depths (autumn discharge) In addition, surface water withdrawal leads to a significant time lag of the concentration responses in deep layers to the upstream river discharges. For example, in the layer with a depth of 26m, with spring-summer discharge, for surface water withdrawal, the response of atrazine concentration in segment 31 (near the dam) to the discharge in upstream rivers was observed at the Julian day of 248, which is about 85 days later than that for bottom withdrawal. With the autumn discharge (as shown in Figure 11 ), this lag in the response at the depth of 40m, is about 25 days. Note that for autumn discharge, the effects of withdrawal locations on the transport of atrazine were observed mainly at relatively deeper layers because of the increased thickness of the epilimnion layer in autumn and winter,
CONCLUSIONS
In deep reservoirs, withdrawal location (depth) may significantly affect the transport of the pollutants in the system. In this paper, the dynamics of atrazine in the Kouris Dam was simulated with the well-established CE-QUAL-W2 model and the impact of withdrawal schemes was studied. It was found that during the period of upstream river discharge significant vertical variations of atrazine concentrations exist in the epilimnion with the maximum concentrations at the depth of 5-8m in the upstream part of the reservoir. This suggests that the widely used assumption of complete mixing in the epilimnion is not valid for this period. Compared with the spring-summer river discharge, slower downstream transport was found corresponding to autumn discharge possibly due to the increased downward transport in autumn. It was also found that bottom withdrawal would significantly facilitate the transport of pesticides in this reservoir and result in noticeably higher pesticide concentrations in deep layers. However, surface withdrawal is not able to lower atrazine concentrations in the epilimnion possibly due to the decreased mixing depth, although more atrazine would be removed from the reservoir by the surface withdrawal. These results suggest that it is sensible to integrate withdrawal schemes into reservoir management system to achieve different water quality objectives under various scenarios.
